[1] Triaxial deformation experiments were carried out on large (0.1 m) diameter cores of a porous sandstone in order to investigate the evolution of bulk sample permeability as a function of axial strain and effective confining pressure. The log permeability of each sample evolved via three stages: (1) a linear decrease prior to sample failure associated with poroelastic compaction, (2) a transient increase associated with dynamic stress drop, and (3) a systematic quasi-static decrease associated with progressive formation of new deformation bands with increasing inelastic axial strain. A quantitative model for permeability evolution with increasing inelastic axial strain is used to analyze the permeability data in the postfailure stage. The model explicitly accounts for the observed fault zone geometry, allowing the permeability of individual deformation bands to be estimated from measured bulk parameters. In a test of the model for Clashach sandstone, the parameters vary systematically with confining pressure and define a simple constitutive rule for bulk permeability of the sample as a function of inelastic axial strain and effective confining pressure. The parameters may thus be useful in predicting fault permeability and sealing potential as a function of burial depth and fault displacement.
Introduction
[2] Faults provide major control on the timing and movement of fluids in the subsurface [Knipe, 1992] . As a result, knowledge of the permeability of faults and how this evolves in time and space is critical in solving practical problems and understanding natural geological processes [Tuefel, 1987] . Geologic evidence suggests that the hydraulic properties of faults evolve continuously in space and time, so that a single fault may have been both a conduit and a seal at different times in its history [Evans et al., 1997; Ngwenya et al., 2000] . Temporal variability is implicit in classical mechanisms that have been suggested for episodic fluid flow and mineralization, including crack-seal veining [Ramsay, 1980] , seismic valving [Sibson, 1992] , and primary hydrocarbon migration [Hippler, 1993] . On the other hand, Caine et al. [1996] have linked spatial variability in fault permeability to fault zone architecture, which is itself a function of several variables, including rock type/composition, state of stress, shear strain, and/or microstructural deformation mechanisms.
[3] Our knowledge of the evolution of fault zones in porous sandstones has advanced significantly over the last 20 years or so. Field studies have identified a consistent sequence in which fault zones evolve from single deformation bands through zones of deformation bands to slip surfaces with increasing shear offset [Aydin, 1978; Aydin and Johnson, 1978; Underhill and Woodcock, 1987; Shipton and Cowie, 2001] . This sequence has been attributed to an interplay between local strain hardening and strain softening mechanisms, where reduction in grain size and the attendant increase in contact area within a deformation band leads to strengthening of the band, so that further failure occurs outside the existing band [Aydin and Johnson, 1978; Mair et al., 2000] . Thus deformation bands, which are thin and laterally continuous structures with localized cataclasis and/or compaction not only initiate the faulting process but are also abundant around major faults formed at shallow crustal depths (brittle field) in porous sandstones [Knott et al., 1996; Beach et al., 1999] .
[4] The presence of deformation bands introduces a high degree of complexity to the permeability structure of a fault zone even at a single point in time [Caine et al., 1996] . In particular, measurements of permeability of fault zones at both outcrop [e.g., and core scale [e.g., Fowles and Burley, 1994; Gibson, 1998 ] show significant permeability anisotropy that can lead to fluid compartmentalization in otherwise permeable host rocks [Knipe et al., 1998 ]. Moreover, the degree of permeability anisotropy observed may depend on the methods used, with high spatial resolution techniques yielding higher permeability contrasts between host rocks and fault zones [Ogilvie et al., 2001] .
[5] Unfortunately, outcrop and core-scale measurements only indicate a final snapshot of the permeability structure, and give no insight into the time-dependent history of the fault. As pointed out above, the latter depends strongly not only on host rock composition but also on complex interaction among a suite of external variables, including stress, temperature, strain and fluid composition [Main et al., 1994] . Because these interactions are not separable from an outcrop measurement, the key to understanding the temporal evolution of permeability is to conduct controlled laboratory tests in which permeability is measured during progressive development of the fault. Previous studies of this type [e.g., Zhu and Wong, 1997] have not captured all of the critical steps in the evolution of natural fault zones in porous sedimentary rocks. Specifically, the complex threedimensional (3-D) structure of natural deformation bands has only been reported in experiments conducted at pressures near the brittle-ductile transition zone [Scott and Nielsen, 1991; Jamison and Stearns, 1992; Wong et al., 1997] . Away from this narrow transition zone the deformation takes the form of either localized cataclasis (a single deformation band) or distributed shear compaction in the brittle and ductile regimes respectively .
[6] However, recent experiments suggest that this discrepancy between natural and experimental fault zone structures may be an artefact of sample size [Mair et al., 2000; Main et al., 2000] . By deforming large, 10 cm diameter samples to varying ultimate axial strains, natural fault zone structures could be reproduced, both in terms of geometrical complexity normal to the fault plane, and in the increase in the number (n) of deformation bands (strands) with increasing strain. The latter was consistent with a linear relation of the form
where e is the axial strain (defined positive for shortening), e c is the axial strain at dynamic failure, and n o is the rate of formation of deformation bands per unit axial strain. It has been suggested that the larger sample size may allow for a greater number of solutions for the strain accommodation problem and allow lower strain rates closer to those applicable to natural deformation . Grain-size analysis of the individual deformation bands revealed that all deformation bands for a given rock type at a constant confining pressure had the same grain-size distribution, regardless of total axial strain [Mair et al., 2000] . This is consistent with a steady state grinding process, which results in a relatively constant porosity and permeability for individual deformation bands, although this model may not always necessarily hold in the field.
[7] Main et al.
[2000] used these microstructural observations to develop a simple geometrical model for permeability changes with increasing inelastic axial strain, allowing the evolution of permeability to be experimentally quantified as a function of increasing fault zone complexity. The basic assumptions of the model, which were verified by the data, were that (1) for any strain (e À e c ) above the critical strain e c , the total effective width of the fault zone is w = nw strand , where w strand is the width of an individual band; (2) the number of bands increases linearly with postfailure strain, so that w = w 0 (e À e c ), where w 0 is the rate at which the fault zone width increases per unit strain; (3) the bulk sample may either dilate at low confining pressure or compact at high confining pressure and, consequently, the permeability of the matrix (k matrix ) can increase or decrease during dilation or compaction, respectively; (4) the porosity of each strand is constant so that k strand stays constant with increasing inelastic axial strain; and (5) permeability varies exponentially with porosity over the small range of porosity changes measured.
[8] The results of Main et al. [2000] showed that the volumetric strain (Á) and hence porosity varied linearly with postfailure strain. Since the porosity of the deformation bands does not change systematically with postfailure strain [Mair et al., 2000] , the strain-dependent matrix permeability takes the form
where k c is the permeability (m 2 ) at critical strain and g I is the inelastic strain sensitivity parameter for the matrix in the postfailure stage. The bulk permeability (k bulk ) of the whole sample could then be estimated by using a geometric mean of the permeability of the individual components (matrix and deformation bands) of the total path length [e.g., Gibson, 1998; Manzocchi et al., 1999] , leading to (see Main et al. [2000] for full derivation)
where
and
In equation (3), l c is the sample length at critical strain (e c ), d is the inelastic axial strain equal to e À e c , while a 1 and a 2 are constants and permeabilities are all in m 2 . Equation (3) constitutes a model for the evolution of permeability with ECV postfailure axial strain at a constant confining pressure, and contains two free parameters a 1 and a 2 , from which the physical quantities g I and k strand may be evaluated, provided that w 0 and l c can be obtained from the data.
[9] While equation (3) has been shown to statistically provide a good description of experimental data in a previous communication , it has not been fully tested under a range of confining pressures. This is important because deformation style varies systematically with depth , as confirmed by recent laboratory tests [Mair et al., 2002] . In this paper, we report data on a systematic study in which permeability was measured as a function of axial strain at different effective confining pressures. The objectives were (1) to characterize the evolution of permeability during deformation to varying strains and validate our recent model, (2) to relate the changes observed to the geometry of the fault zone, and (3) to show how the effective confining pressure affects permeability evolution and hence model parameters. The results show that a 1 and a 2 do vary systematically with effective confining pressure and thus provide a simple constitutive rule for predicting permeability as a function of burial depth and inelastic axial strain in high-porosity sandstones.
Experimental Methods

Test Samples
[10] The experiments were carried out on cores of the Clashach sandstone from northeast Scotland. This sandstone is essentially an arkosic arenite, of Permian age and aeolian in origin, consisting of about 90% quartz and 10% K-feldspar [Ngwenya et al., 1995] ranging from 250 to 500 mm in grain diameter. Both minerals are largely of detrital origin, although significant quartz cementation in the form of overgrowths is present, producing a sandstone with porosities of 12-18% and permeabilities ranging from 2 Â 10 À13 to just over 10 À12 m 2 . The sandstone therefore differs slightly from the one used by Mair et al. [2000] , mainly in terms of diagenetic mineral assemblage and/or lower porosity .
[11] Core samples were prepared from a single block to a length to diameter ratio of at least 2.25/1 and were end faced in a lathe but were not polished. Initial connected porosity was determined by taking the difference in weight of a sample after and before saturation with distilled water, assuming a value of 1000 kg/m 3 for the density of distilled water.
Experimental Procedure
[12] Details of the experimental apparatus and deformation procedure were essentially the same as those given by Mair et al. [2000] , with modifications to allow for permeability measurements. The total load on the sample was measured using two load cells rated to 2MN. Confining pressures up to 70 MPa could be applied to the cylindrical face of the sample, while the self-balanced ram ensured that the sample was also end loaded to hydrostatic confinement prior to deformation. Deformation was conducted using displacement control, with a constant axial strain rate of $5 Â 10 À6 s À1 . An internal linear variable differential transformer (LVDT) measures axial displacement of the sample during deformation.
[13] Pore pressure was controlled independently and maintained at 6.9 ± 0.5 MPa using a constant flow rate, single-stroke ISCO 2 syringe pump working against a backpressure regulator downstream of the sample (Figure 1 ). The flow rates used ranged from 0.5 to 6 cm 3 /min, corresponding to Reynolds numbers of 1 to 13. Highsensitivity Validyne DP360 differential pressure transducers (±50, ±125, and ±300 pounds per square inch differential, 1 psi = 0.0069 MPa) were used to measure pore pressure differences across the bulk sample. The measured differential pressures were used to calculate the bulk permeability of the core using the steady state form of Darcy's law [Rhett and Teufel, 1992] . Volumetric strain and hence porosity were calculated from volume changes in the confining pressure intensifier that were required to maintain a constant confining pressure on the sample. Although the piston in the confining pressure intensifier is monitored by a very accurate (0.5% error) LVDT, the actual piston movements reflect time-integrated changes in the sample as well as seals (stickslip) and confining rubber liners. This, combined with the small volume changes measured overall, introduces some scatter in the volumetric strain data. The resulting error was estimated by linear regression of the volumetric strain data Figure 1 . Schematic layout of the large capacity deformation rig, with permeameter for steady state permeability measurements.
in the linear-elastic part of the stress-strain curve against the LVDT for the main piston, and is of the order of 20%.
Microstructural and Grain-Size Analysis
[14] Deformed samples were carefully removed from the deformation apparatus, dried to constant weight and cut perpendicular to the long axes while still encased in their rubber sleeves. The cut surfaces were photographed before removal of rubber sleeves and deformation band patterns on the cut surfaces, and lateral surfaces were examined. Subsequently, one half of each sample was split along the fault and gouge materials were collected from individual deformation bands for particle size analysis to investigate gouge evolution with increasing axial strain. A Coulter LS100 Laser Particle Size Analyser with a range of 0.4-1000 mm was used for grain-size analysis, and particles of the undeformed samples were also analyzed for comparison.
[15] Thin sections were made from the second half of the core, parallel to the axial loading direction and perpendicular to the fault, after impregnating the samples with epoxy resin. These were examined under the electron microscope in backscattered mode in order to facilitate visualization of the fault geometry in more detail and to examine microstructures associated with deformation.
Results
Mechanical and Microstructural Observations
[16] Mair et al.
[2000] first described microstructural features of fractures developed under air-dry conditions during triaxial deformation of large diameter samples at varying inelastic axial strains and reported an evolutionary history, which mimicked field observations. It was found that the width of the fracture zone increased linearly with inelastic axial strain for experiments conducted at a constant confining pressure, consistent with previous studies on smaller samples [e.g., Tuefel, 1987] . The increase in fracture width was due to progressive increase in the number of discrete strands of comminuted country rock with small offset, rather than due to frictional wear and widening along a single strand [Scholz, 1987] . The number of strands was highly correlated with axial strain according to equation (1), with n o = 1.26. Grain-size analysis showed that the individual strands evolved to a relatively constant grain-size Figure 2 . (a) Differential stress (s 1 À s 3 ) and volumetric strain (Á) plotted against axial strain for sample CLS15. The stress postfailure is essentially quasi-static, while the sample dilates with increasing axial strain. (b) Number of deformation bands as a function of total axial strain. The number of deformation bands increases linearly with total axial strain at a rate of 1.4 bands per unit axial strain. Grain-size distribution of gouge collected from fault zones for (c) samples deformed to varying total axial strains and (d) samples deformed at different effective confining pressures. Notice that a second y axis is used for matrix grain-size distribution in Figure 2c . The final grain-size distribution appears to be independent of total final strain once the axial strain exceeds 4% (Figure 2c ), but the percentage of fine grains increases and that of large grains dramatically decreases with increasing effective confining pressure ( Figure 2d ). distribution of angular, interlocking fragments, implying local strain hardening in each comminuted strand and a relatively constant permeability for each individual strand. However, it was unclear as to whether these features were unique to the relatively weak and high-porosity (22%) Locharbriggs sandstone used in their experiments, or whether such structures would be affected by the presence of a pore fluid.
[17] In fact, our experiments on Clashach sandstone are consistent with the results of Mair et al. [2000] . Figure 2a shows the differential stress (s 1 À s 3 ) and volumetric strain (Á) for a sample deformed to about 5% axial strain. Initially, the sample compacts at a constant rate during the elastic phase of deformation. This phase is followed by dilatant strain hardening to a peak stress at about 0.8% strain, after which we observe a dynamic stress drop, which is associated with a major increase in volumetric strain. Subsequently, the volumetric strain increases at a constant rate, while the differential stress remains essentially constant.
[18] The number of deformation bands (strands) increases with increasing axial strain, in this case, at a rate (n o ) of 1.4 per unit axial strain ( Figure 2b ). Meanwhile, the particle size distribution remains relatively constant, with log-periodic peaks at 1, 10, and 100 mm ( Figure 2c ) and two further smaller peaks between 10 and 100 mm. Our results thus conform to the model of Mair et al. [2000] , where slip is accumulated by an increase in the number of deformation bands (Figure 2b) , and no significant boundary strain softening or hardening is seen on the loading platens during the formation of individual bands. The latter implies that strain hardening and/or softening mechanisms are very localized within or near the band itself . This similarity with the observations of Mair et al. [2000] suggests that the presence of a pore fluid and the use of a different rock type do not alter the essential characteristics of the fault zone development and the microstructural properties of the bands.
[19] The effect of increasing effective confining pressure is to systematically increase the proportion of grains finer than $10 mm (Figure 2d ), associated with a transition to more pervasive grain fracturing [Mair et al., 2002] . This is indicative of an increase in ''cataclastic intensity'' that can be directly related to the resolved normal stress on the fault [Tuefel, 1987; Crawford, 1998 ]. At effective confining pressures greater than 100 MPa, porous sandstones tend to fail by pervasive grain crushing in shear-enhanced compaction along a critical state curve . However, most of our experiments were carried out at confining pressures within the dilatant brittle field, although we see a tendency toward relatively more pervasive deformation at our highest effective confining pressure (45 MPa) in the mechanical data and microstructural properties (see section 4).
[20] Microstructural examinations of thin sections confirm the multiple deformation bands seen in hand specimens (Figure 3) , with strands of comminuted rock enclosing lenses of host rock which contain significantly increased density of axial microcracks. Meanwhile, the area bordering the shear fault is sometimes significantly dilated, with microcracks whose density decreases with distance from the fault, consistent with observations in other studies [e.g., Moore and Lockner, 1995; Ngwenya et al., 2000; Zang et al., 2000] . This microcrack induced dilation may explain the increase in volumetric strain seen in most of our samples with increasing axial strain (Figure 2a ) under the effective confining pressures investigated here.
[21] Samples deformed to different axial strains confirm the multiple presence of deformation bands (Figure 4) , with the sample deformed to 4% strain only showing a few deformation bands while the sample deformed to 10% strain has several bands, with visible host rock lenses between Figure 3 . A mosaic of several photographs taken across the fault zone in a thin section of one of the samples deformed to high strain. Note the high density of axial microcracks in the dilated pods between the deformation bands (strands) and also in the parent rock on the right side of the large strand. The strands show grain comminution, while the microfracturing in pods between the strands may be responsible for some of the postfailure dilatancy. The strand on the left also shows open ''fractures'' probably resulting from unloading or introduced during thin sectioning. them. Meanwhile, the effect of increasing effective confining pressure appears to be to increase the width of the fault zone in general ( Figure 5 ), suggesting transition to more pervasive damage, as also observed by Mair et al. [2002] . For example, the sample deformed at 34.5 MPa effective confining pressure has a wider fault zone relative to the sample at 20.7 MPa despite an identical total axial strain. This observation for the deformation of large samples contrasts with those of Crawford [1998] , who reported an inverse relationship between shear zone thickness and normal stress for 38 mm diameter samples that failed in a single strand. However, it is consistent with observations by Tuefel [1987] , who found an increase in fault zone width with increasing confining pressure using 48mm diameter samples. These discrepancies lend weight to the possibility that the structural evolution of the fault zone in laboratory tests may depend to first order on sample size to grain-size ratio.
Permeability and Volume Changes
[22] Figure 6 shows typical trends for differential stress (Figure 6a ), permeability (Figure 6b) , and volumetric strain (Figure 6c ) as a function of axial strain during deformation at different effective confining pressures. Also included is the volumetric strain sensitivity parameter (l I ) for the Figure 4 . Radial, whole sample photographs of surfaces perpendicular to the axial direction of the core, showing the geometry of the fault zone at two different total axial strains: (a) 4% strain and (b) 10% strain. Note the increasing width of the fault zone, which parallels an increase in the number of discrete strands. Samples are 100 mm in diameter. Note again some open fractures. postfailure phase plotted against effective confining pressure (Figure 6d ). This parameter is the slope of the lines shown in Figure 6c for the postfailure regime. Permeability, which has been normalized to the value at the initial (hydrostatic) stress for each sample, shows an exponential dependence on axial strain in the prefailure phase, where the sample undergoes linear-elastic compaction, as shown by the volumetric strain (Figure 6c ). Permeability then increases slightly after the yield stress is attained and the sample undergoes dilatant strain hardening. These trends are consistent with observations reported for other high-porosity siliclastic rocks at low confining pressure [e.g., Wong, 1996, 1997] . The transition from dilatant microcracking to dynamic stress drop is associated with a dramatic increase in apparent permeability. This change occurs over a timescale that is shorter than the time taken to establish steady state differential pressure after a step change in flow rate. The permeability transient is therefore not a true permeability increase, but is likely to be due to the rapid rate of dilatancy associated with nucleation and slip of the fault, which results in a sudden increase in storage capacity of the sample. The measured differential pressure is thus associated with nonsteady flow and is likely to be consistent with the ''suction pump'' model of Rudnicki and Chen [1988] , modified for the boundary conditions of constant flow rate Grueschow et al., 2003] .
[23] Permeability and volumetric strain are negatively correlated in the postfailure phase, with the bulk permeability decreasing with increasing strain toward an asymptotic value that depends on the effective pressure. The permeability decreases despite macroscopic sample dilation, as shown by volumetric strain in Figure 6c . This behavior is due to the dominance of cataclastic permeability impairment on the fault over bulk sample dilatancy. In some cases, we observe small spikes in permeability whenever macroscopic stress drops occur during quasi-static postfailure sliding, as exemplified by jumps in permeability at about 5% and 7.5% strain in the 20.7 MPa data (compare Figure 6a with Figure 6b ). (Figure 6b ), which is due to the large dilatant deformation (Figure 6c ). An increase in effective confining pressure is associated with high rates of permeability impairment at relatively low axial strains. Figure 6d is a plot of the slope of volumetric strain against axial strain in the postfailure phase (l I ), showing inversion in sign from negative slopes up to 34.5 to a positive slope at 44.8 MPa, suggesting compactive deformation at 44.8 MPa.
[24] Effective confining pressure has a significant effect on the strain-dependent evolution of permeability, as also observed by Zoback and Byerlee [1976] on unconsolidated Ottawa Sand. Samples deformed at a low effective stress (10.3 MPa) show an increase in permeability relative to initial values early in the postfailure phase, presumably due to the large dilatant deformation (Figure 6c) . However, the permeability becomes highly nonlinear and approaches an asymptotic value at much lower strains as the effective confining pressure increases, shifting the curves to lower strains, consistent with other studies [e.g., Zoback and Byerlee, 1976; Tuefel, 1987; Zhu and Wong, 1997] . This implies that the fault becomes a more effective flow barrier at high effective confining pressures, presumably due to the higher cataclastic intensity [Crawford, 1998 ] evident from grain-size analysis (Figure 2d ) and a wider damage zone. This behavior may also reflect the predominance of shearenhanced compaction at high effective confining pressures , since samples at high effective confining pressures remain in the compaction regime throughout the quasi-static sliding phase of deformation (Figure 6c) .
[25] The inference that compaction dominates behavior at higher effective confining pressures can be quantified by noting that in Figure 6c , the volumetric strain has a nearly linear relationship with axial strain in the postfailure stage and can be approximated by
where l I is the proportionality constant (strain sensitivity parameter). We find that an increase in volume (dilatancy) relative to the volume at critical strain implies l I < 0 (axial strain is defined positive for shortening), while l I > 0 for compaction. Figure 6d shows a plot of l I against effective confining pressure, and we note that l I is negative for all but the sample at 44.8 MPa. Moreover, l I values become more positive with increasing effective confining pressure, implying a systematic decrease in volume dilatancy at a given strain as effective stress increases. What is not clear is whether these volume changes occur in the matrix or in the fault zone, a question that is beyond the scope of this study.
Analysis and Interpretation
[26] We have documented results from experiments in which fluid permeability was monitored primarily as a function of axial strain while deforming each core at a constant axial displacement rate, flow rate and effective confining pressure. Experiments conducted at different effective confining pressures were then used to investigate the role of effective confining pressure on the observed permeability evolution. Central to this design philosophy was an attempt to link permeability changes to the evolving pore structure, which is strongly dependent on effective mean stress and also on primary petrophysical properties of the samples Popp et al., 2001] . First, we have observed a nonlinear decay in permeability with increasing axial strain after failure, this occurring in spite of the bulk sample experiencing overall dilation. Second, despite differences in sample attributes and chemical environment, we have confirmed that the fault zone evolves by increasing the number of deformation bands while the grain-size distribution in each band remains constant, regardless of total axial strain [Mair et al., 2000] . This demonstrates that the results may be generally applicable to porous siliclastic rocks. Third, the rate of postfailure permeability impairment increases dramatically at higher effective confining pressures, consistent with a more effective comminution process [Tuefel, 1987; Crawford, 1998 ] and/or predominance of shear-enhanced compaction . The shear-enhanced permeability reduction can be anywhere between 1 and 3 orders of magnitude relative to the hydrostatic value measured at the start of the test, depending on the effective pressure. In this section, we use these observations to place quantitative constraints on the evolution of fault zone permeability, by analyzing the data using a constitutive model for fault zone permeability as a function of inelastic axial strain and effective confining pressure during active deformation. We begin by discussing the apparent paradox of decreasing permeability with inelastic axial strain on the fault, which occurs against an increase in volumetric strain, as shown in Figure 6 .
Evolution of the Flow Path
[27] Changes in permeability during loading of rocks can generally be related directly to changes in porosity due to mechanical processes occurring at the grain scale [Popp et al., 2001] . These processes include microcrack induced dilatancy and cataclastic compaction. During triaxial loading, initial elastic deformation can lead to either strain localization due to dilatant microfracturing or shear-enhanced compaction due to pore collapse and Hertzian fracturing [Menendez et al., 1996] . Either way, these grain-scale processes lead to changes in bulk sample porosity (f) and hence permeability (k). The latter depends on interconnected porosity, and the relationship between the two is often rationalized via the empirical KozenyCarman equation [Bruno, 1994] :
where C is a pore geometry factor, t is the tortuosity of the flow path, and S is the specific surface area per unit volume of the porous medium. However, experimental measurements often show that over a narrow range of porosity, it is impossible to distinguish between the power law form given in equation (5) and the exponential form, which is often used for high-porosity sandstones [e.g., Zhu and Wong, 1997] . We adopt the exponential form here in order to maintain consistency with these previous studies:
where h is the rate dependence of the natural logarithm of permeability on porosity and contains the geometric parameters, including tortuosity.
[28] Our results suggest that permeability evolution during deformation is controlled by the evolving geometry of the flow path, via a complex interplay between matrix compaction/dilatancy and the increasing heterogeneity due to progressive formation of deformation bands. Figure 7 shows graphs of the measured bulk permeability against bulk ECV porosity, based on equation (6) at four effective confining pressures. They represent the full deformation cycle from initial axial loading (solid symbols) to quasi-stable sliding (open symbols). Firstly, the degree of dilatancy at failure decreases systematically with increasing effective confining pressure. At low effective confining pressures, the predominance of dilatant deformation is manifest in an increase in permeability beyond initial hydrostatic permeability and the value at peak stress ( Figure 7a ). This phenomenon, which results in increased system storativity may also be responsible for increased hydrologic flows in river basins following earthquakes [Rojstaczer et al., 1995] . Higher effective confining pressures suppress this ''suction pump'' phenomenon, so that at 44.8 MPa, the value of permeability immediately after failure is lower than that at peak stress despite a modest recovery in porosity. Meanwhile intermediate effective confining pressures lead to some degree of recovery in both porosity and permeability.
[29] A second feature of our results is that bulk sample porosity and permeability are negatively correlated at all effective confining pressures in the postfailure data (except at 44.8 MPa), in direct contradiction to equation (6). The bulk h values are positive for prefailure data and are effectively independent of effective confining pressure (Figure 8a ), while postfailure values for the bulk sample become more negative with increasing effective stress up to 34.5 MPa, followed by a sudden reversal to a positive value at 44.8 MPa. Thus globally, equation (6) does not hold for most of the postfailure regime, although this need not imply that locally, h could be not be positive. As already demonstrated above and in numerous previous studies [e.g., Zhu and Wong, 1997] , positive h values are generally indicative of compactive deformation in high-porosity materials. In effect therefore, the inversion in sign in the postfailure h from 34.5 to 44.8 MPa implies a change in mode of deformation from dilatant to compactive deformation overall. This change in mode of deformation is confirmed by plotting the mechanical data for our tests in the f-q space of Wong et al. [1997] , which shows transition from shearinduced dilatancy to shear enhanced compaction, relative to Figure 7 . Permeability evolution during triaxial deformation of samples at different effective confining pressures for selected samples, plotted in permeability-porosity space. Note the large decrease in porosity rebound and the change in slope from negative to positive for the postfailure data at high confining pressures (Figure 7d ). These slopes appear to correlate with a change in mode of deformation from dilatant brittle deformation toward distributed, shear-enhanced compaction.
hydrostatic loading, at 44.8 MPa effective confining pressure (Figure 8b ). All our tests follow the same path during poroelastic compaction, corresponding to the hydrostatic envelope shown by Wong et al. [1997] . For tests up to 34.5 MPa effective confining pressure, samples start to dilate prior to failure, as indicated by a negative porosity change relative to the hydrostatic envelope. Meanwhile, the sample deformed at 44.8 MPa effective confining pressure is transitional and shows a tendency toward shear-enhanced compaction, as indicated by a small positive porosity change. This transition pressure is close to that measured for the Adamswiller Sandstone by Wong et al. [1997] , although the comparison is only qualitative given the different material properties of the two sandstones and the differences in experimental configuration.
[30] The systematic changes in the bulk value of h therefore provide a macroscopic view of the evolution of the pore-scale flow path during strain-dependent deformation in high-porosity rocks, from dilatant deformation to shear-enhanced compaction. Specifically, we infer that at low effective pressure, the decrease in permeability due to progressive formation of deformation bands is balanced by dilatancy in the matrix, which reduces the overall rate at which permeability declines with increasing strain. Meanwhile, matrix dilatancy is suppressed at higher effective confining pressure due to shear-enhanced compaction, resulting in cooperative effects between the matrix and deformation bands in reducing bulk permeability. In summary, equation (6) assumes that locally, h > 0 while globally, it is not, and may be negative due to dominance of the fault or matrix anisotropy. In the following section, we attempt to quantify the relative contribution of these two geometrical constraints on the measured permeability as a function of strain.
Permeability Evolution During Development of Deformation Bands
[31] We will adopt the model of Main et al. [2000] , captured in equation (3) to evaluate the relative contribution of matrix deformation and cataclastic comminution to permeability evolution during progressive formation of deformation bands. The aim is to relate observed permeability trends in the postfailure regime to the evolving flow path discussed above, and to show how this evolution depends on effective confining pressure.
[32] Figure 9 shows plots of the data and fits to equation (3) at four selected effective confining pressures, corresponding to the tests used in Figure 7 . The curves were fitted using an iterative nonlinear regression technique , and confirm that the three-parameter model fits the data with high correlation coefficients, ranging from 0.970 to 0.987. It is also apparent in Figure 9 that the relationship is log linear at low effective confining pressures, but becomes increasingly nonlinear as effective confining pressure increases. The fitting parameters to the data for all tests discussed in this paper are collected in Table 1 . Values of the first-order term (a 1 ) are negative for all tests, while the second-order term (a 2 ) is positive for most of the tests. Thus the first-order feature is an exponential sealing with respect to strain, corrected for sample shortening (d/1 À d), whereas the second-order term introduces a positive curvature in the data that is more important at high effective confining pressures. The a 2 term depends only on the permeability change in the matrix and reflects the transition from more dilatant to more compactant deformation. Both parameters vary systematically with effective stress; a 1 values decrease, while a 2 values increase systematically with effective confining pressure ( Figure  10a ). The linear regression coefficients in Figure 10a can be combined with equation (3a) to yield a macroscopic constitutive law for bulk sample permeability in stress-strain space; thus
with permeability in m 2 and effective stress (P e ) in MPa. Values of bulk permeability (k bulk ) predicted by equation (7) ECV for the Clashach sandstone are shown in Figure 10b . We note that the contours are fairly tight at high effective confining pressures, consistent with the rapid permeability impairment during slip shown in Figure 6b . In addition, the contours diverge slightly above 35 MPa effective confining pressure, implying some recovery in permeability with increasing slip. This paradoxical outcome may arise because faults have a tendency to dilate slightly at high shear strains [Zhang and Tullis, 1998 ]. Because shear-induced dilation can also increase microstructural and hydraulic anisotropy, a relative increase in permeability with strain will only occur at high effective stresses, where the fault zone is pervasive ( Figure 5 ). In general, the constitutive equation appears to slightly overestimate the permeability at high effective confining pressures (see also curve fits in Figure 9 ). Nevertheless, within the parameter range investigated here, equation (7) adequately predicts the evolution of bulk permeability as a function of effective confining pressure and postfailure strain. We believe that the model parameters will vary depending on the mechanical properties of the Figure 9 . Comparison of experimental data in the postfailure regime (unfilled circles) with model predictions (solid lines) based on equation (3) for tests at four effective pressures. Note the increasing curvature in the data in the model predictions at high effective pressures, which parallels the increasing compaction term, a 2 . The model curve starts to deviate from the experimental data at high strains for high effective confining pressures. intact sandstone, and thus will need to be determined for each rock type. Our future experiments will address this important question.
Discussion
[33] Given that only bulk permeability measurements are possible in this type of triaxial deformation experiment, another motivation for developing this model was to allow some estimate of the permeability of single strands from the bulk measurements. Crawford [1998] suggested such a methodology for single shear bands using 38mm diameter samples, which assumes that after fracture the measured pressure drop across the sample is almost entirely due to shear band sealing. While his model was successful in predicting sealing rates, the underlying assumption is limited in its application, being valid only for cases where the matrix permeability is much higher than potential shear band permeability [Crawford, 1998 ]. Furthermore, this approach cannot account for matrix compaction and/or dilatancy and may therefore both overestimate and underestimate fault seal intensities.
[34] On the other hand, it is possible to estimate shear zone permeability from the model parameters a 1 and a 2 for any matrix/fault permeability contrast, since the deformation band permeability (k strand ) is explicitly accounted for in equation (3b). Unfortunately, we currently do not have a method for independently evaluating g I from the experimental data. A reasonable estimate of g I may be made from a 2 (equation (3c)); thus
provided that w o is independently known at each effective confining pressure. To illustrate the dependence, we measured fault zone thickness at atmospheric pressure for several cores deformed to different axial strains at a constant effective confining pressure of 20.7 MPa, after cutting them perpendicular to the axial strain. These measurements are plotted against axial strain in Figure 11 , from which we recover w o = 0.044 m, a value that is valid for an effective confining pressure of 20.7 MPa. Inserting this value into equation (8) for CLS15 (Table 1) , which was also conducted at P e = 20.7 MPa yields g I = 34.1. The permeability of individual strands for this fault zone can then be estimated by rearranging equation (3b) to give
Using values in Table 1 for this test and the estimated value of g I yields k strand % 3.46 Â 10 À16 m 2 , so that with the Figure 10 . (a) Graphical summary of the variation of a 1 (open circles) and a 2 (solid circles) with effective confining pressure. Both parameters vary linearly with effective confining pressure, with a 1 decreasing while a 2 increases. In Figure 10b , bulk permeability (m 2 ) predicted by the new constitutive model according to equation (7) is plotted in strain-effective pressure space. The symbol (d) is defined in the text as the axial strain after failure. Figure 11 . Graph showing the variation in width of fault zone with total axial strain for tests at 20.7 MPa. Each data point is an average of two measurements, with the errors being one times the standard deviation on the mean. In theory, the graph should have a positive intercept on the strain axis, since deformation bands do not start forming until strain is $0.09. As the actual measurements do not conform to this, the regression line has been forced through the origin and yields a slope (w o ) of 0.044 m (see text for use of this slope). . This predicts strand permeability that is 3.5 orders of magnitude lower than the intact sample under hydrostatic confinement. This contrast is remarkably close to values estimated for single shear bands by Crawford [1998] but slightly higher than those reported by Gibson [1998] for intact sandstone cores containing cataclastic and solution deformation bands.
[35] As pointed out above, the calculated permeability contrast is only an order of magnitude estimate. This is because our permeability model does not take into account the angle of the zone of deformation bands in defining the flow path [see Main et al., 2000] . As shown by Taylor et al. [1999] , fluid flowing across inclined fractures in permeable rock matrices will be refracted at the fracture-matrix interface, requiring the angle of refraction and hence of the fracture to be taken into account. However, although we can measure the general orientation of the fault (Figure 3) , its internal geometry is complex, consisting of anastomosing deformation bands with different segments of the same band having different orientations (from axial through inclined to normal). Given that our simplified model gives reasonably good statistical description of the data, with correlation coefficients greater than 0.97, and given the complexity of the flow path, it is questionable whether a more complicated model with inherently more parameters is justified. This is especially the case since Ogilvie et al. [2001] have shown that bulk permeability measurements grossly overestimate k o /k strand ratios even for cases where the right orientation is used [e.g., Sverdrup and Bjorlykke, 1992] . It follows that the estimates of k strand and therefore the permeability contrasts are probably a lower bound and must be treated as order of magnitude estimates only.
[36] The requirement for a priori determination of w o precludes an evaluation of the systematic changes in k strand with effective confining pressure. Crawford [1998] noted a linear decrease in shear band width with increasing normal stress for small samples, implying a decrease in w o , and found that higher normal stresses resulted in higher matrix/ band permeability contrasts. Thus fault strand permeability dropped mainly by a decrease in grain size and sorting, in contrast to the relatively constant fault gouge size distribution given here and by Mair et al. [2002] . According to our data ( Figure 5 ) and that of Mair et al. [2002] , w o should increase with increasing effective confining pressure owing to deformation by distributed shear-enhanced compaction at high pressures. Parallel tests using small samples in the current study suggest that both trends are valid, again reflecting the first-order dependence of microstructural evolution on sample/grain-size ratio. For now, we predict that for the case of w o increasing with effective confining pressure, the permeability contrast will increase with increasing effective pressure to a maximum, after which the contrast will approach unity as deformation becomes distributed and the whole sample compacts. We are currently testing this hypothesis on a new suite of tests at different ultimate strains.
[37] Examination of equation (3c) shows that a positive a 2 implies positive g I since by definition w 0 and l c are positive, as was demonstrated with the calculation above. With strain-scale matrix permeability evolving according to equation (2), this implies further that in most of our tests, the axial matrix permeability is decreasing, despite sample dilation (Figures 6c and 6d ). This apparent paradox has been attributed to the anisotropic permeability tensor because of the development of cracks parallel to the axial direction to produce overall sample dilatancy, coupled with closing of pores perpendicular to this direction . The overall result is an increase in tortuosity of the flow path which can account for matrix permeability impairment in the axial direction, despite overall sample dilatancy Main et al., 2000] .
Conclusions
[38] In summary, we have presented results from a suite of experiments in which permeability evolution was monitored as a function of axial strain at different constant effective confining pressures. The permeability of all our samples followed a three-stage strain-dependent evolution. The first stage is a linear decrease prior to sample failure, which is associated with poroelastic compaction of the matrix. The second stage shows a transient increase in permeability and is associated with dynamic stress drop, which is interpreted to be a suction pump effect due to rapid dilatant slip. This phase was followed by the third stage (postfailure) characterized by a systematic quasi-static decrease in permeability during inelastic axial strain on the fault. This decrease occurs despite the fact that the bulk sample undergoes dilatant deformation.
[39] The first and third stages of deformation may be linked directly to the microstructural evolution of the flow path, which occurs via a complex interplay between matrix compaction/dilatancy and cataclastic fault sealing. In the prefailure stage, permeability and porosity are positively correlated via a proportionality constant (h) that is essentially independent of effective pressure, and is dominated by hydrostatic compaction . Postfailure (third stage) bulk permeability is negatively correlated to bulk porosity at low effective pressure, but h becomes positive at high effective pressures, implying transition from dilatant to compactive behavior.
[40] Microstructural studies confirm that postfailure strain is accommodated by progressive formation of new bands, leading to complex fault zone geometry, where fault zone width and the number of bands increase linearly with inelastic axial strain. The data has been analyzed using a new model for permeability evolution during the sequential formation of deformation bands. The model takes into accounts the observed fault zone geometry, allowing a first-order estimate of the permeability of individual deformation bands from bulk sample values, provided that the rate of growth of the fault zone is known. The model parameters vary systematically with confining pressure, and may thus provide a methodology for predicting fault permeability and sealing potential as a function of burial depth and total inelastic axial strain. As such, equation (3) represents the first quantitative algorithm for predicting fault permeability in subsurface settings involving sand-sand contacts in cases where clay smears are absent.
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